Paleozoic lawsonite-bearing low-grade metabasalts with rare flattened pillow structures occur in the Chugoku Mountains, Southwest Japan. The meta-mafic rocks are divided into meta-pillow basalt core (PBC), meta-pillow basalt rim (PBR), and metabasaltic breccia (BB). The PBC have MORBlike major and trace element concentrations, contain 5 wt% water, and a Na-amphibole-free mineral assemblage: Ca-Na pyroxene (maximum 29% jadeite component) + lawsonite + chlorite + quartz. In contrast, the PBR and BB contain a lawsonite-blueschist-facies mineral assemblage: Na-amphibole ± lawsonite + pumpellyite ± chlorite + albite + quartz. Parageneses and compositions of minerals yield equilibrium P-T conditions of T< 280°C and P = 0.6-0.7 GPa for all three rock types. Phase relations in the 2Al-Ca-2Fe 3+ -(Fe+Mg) tetrahedron suggest that the Na-amphibole-free mineral assemblage in PBC occurs only under relatively oxidized conditions. This mineral assemblage has been described from low-grade metabasalts in several high-P-low-T terranes, and might be a low-T equivalent of the lawsonite eclogite mineral assemblage. We propose that interaction of fluids with subducting old oceanic crust first produces the Ca-Na pyroxene + lawsonite + chlorite assemblage by hydration reactions at shallow depths in a cold subduction zone. With subduction to greater depths, such intensely hydrated metabasalts with the Na-amphibole-free mineral assemblage transforms to lawsonite eclogite below 300°C.
Introduction
LAWSONITE, CaAl 2 Si 2 O 7 (OH) 2 ⋅ H 2 O, is an index mineral for high-P-low-T (HP-LT) blueschist and eclogite-facies mafic rocks. Nitsch (1968) and Liou (1971) independently determined the minimum pressure stability of lawsonite to be P = ~0.3 GPa at T = ~300°C by a decompression reaction of laumontite to lawsonite + quartz + H 2 O. After these early experiments, subsequent experimental studies revealed the upper pressure stability of lawsonite up to 8-10 GPa at temperatures of 750-900°C (Pawley, 1994; Schmidt and Poli, 1994; Schmidt, 1995; Okamoto and Maruyama, 1999) . Consequently, lawsonite has been considered as the most important hydrous mineral in the recycling of volatiles and selective trace elements in a subduction zone and the cooling history of the Earth (Schmidt and Poli, 1998; Maruyama and Liou, 2005; Ohtani, 2005; Tsujimori et al., 2006b) . Recently, petrologic characteristics of natural lawsonite-eclogites containing the mineral assemblage garnet + omphacite + lawsonite (Tsujimori et al., 2006b ) have been documented from both regional HP-LT terranes (e.g., Zack et al., 2004; Tsujimori et al., 2005 Tsujimori et al., , 2006a and ultrahighpressure (UHP) xenoliths (e.g., Usui et al., 2003 Usui et al., , 2006 . In both cases, however, the early process prior to lawsonite eclogitization of subducting oceanic crust is not clear. Specifically, what is the precursor mineral assemblage for lawsonite-eclogites? In this paper, we describe petrologic and mineralogic characteristics of low-T metabasalt and associated blueschist-facies mafic rocks in the Chugoku Mountains, SW Japan, and suggest that the mineral assemblage Ca-Na pyroxene + lawsonite + chlorite (Okay, 1982; Hirajima, 1983; Sakakibara, 1991) of the low-T blueschist-facies metabasalt is the most likely candidate, in which chlorite decomposes to produce garnet with increasing pressure and temperature. 2
Geologic Outline
In the Chugoku Mountains, Pre-Triassic rocks occur in the Oki, Oeyama, Akiyoshi, Maizuru, and Ultra-Tamba belts. These geotectonic units tectonically underlie nearly E-W-trending Paleozoic ophiolites and accretionary complexes (e.g., Isozaki, 1997; Ishiwatari and Tsujimori, 2003; Fig. 1) . A few blueschist localities have been identified in serpentinized peridotite bodies of the early Paleozoic Oeyama belt; phengites from blueschist-facies metapelite yield K-Ar ages of 330-280 Ma (Nishimura, 1998; Tsujimori and Itaya, 1999) . In this study, several lawsonite-bearing metabasalts were collected at an outcrop (6 × 5 m) of a blueschistbearing HP block exposed in the Paleozoic schist locality along the southwestern margin of the Sekinomiya serpentinite body (SSB) in the eastern Chugoku Mountains (Fig. 1) ; the SSB is the largest (20 × 5 km) serpentinized peridotite body of the Oeyama belt (Ishiwatari and Hayasaka, 1992) . Lawsonite blueschist and rare jadeitite occur as tectonic blocks along the southern margin of the SSB (Hashimoto and Igi, 1970; Tazaki and Ishiuchi, 1976) ; the blueschist-and jadeitite-bearing serpentinite mélange unit of the SSB is similar to the Osayama serpentinite mélange (OSM in Fig. 1 ) located about 150 km west of the studied area (Tsujimori, 1997 (Tsujimori, , 1998 Tsujimori and Itaya, 1999; Tsujimori and Liou, 2004 , 2005a , 2005b Tsujimori et al., 2005) .
In outcrop, lawsonite-bearing metabasalts exhibiting rare flattened pillow structures are interlayered with metabasaltic breccia, meta-chert, and marble layers < 1.5 m thick. Meta-pillow basalt is weakly foliated and consists of rare Na-amphibole-bearing bluish rims (1 to 5 cm wide) and dark greenish cores with a Ca-Na pyroxene-lawsonite-chlorite assemblage. In contrast, basaltic breccia is moderately foliated fine-grained blueschist.
Petrography

Meta-pillow basalt core (PBC)
The PBC is fine-grained and well-recrystallized except for minor relict igneous augite; rare lawsonite pseudomorphs after plagioclase are present (Figs. 2A and 2B) . The mineral assemblage consists mainly of Ca-Na pyroxene, lawsonite, and chlorite, with minor titanite, relict igneous augite, and quartz. Some quartz-lawsonite veins (2-15 mm) (Fig. 3) cross-cut the matrix; the matrix contains Ca-Na-px + Lws + Chl and minor quartz and titanite (Fig. 2C ). Yellow to pale green pleochroic Ca-Na pyroxene occurs as irregularly shaped fibrous aggregates (<0.2 mm) of tiny crystals, discrete prismatic crystals (<0.05 mm), and replacements of relict igneous augite. Augite occurs as colorless subhedral to euhedral crystals (0.3-0.5 mm). Except for the replacements of relict augite, Ca-Na pyroxene commonly coexists with quartz. Lawsonite occurs as elongate prisms (<0.1 mm) or as aggregates in the matrix; relatively large euhedral crystals (maximum 0.5 mm) occur in quartz-lawsonite veins. Some lawsonite contains submicron iron oxide inclusions, probably magnetite. Polycrystalline chlorite coexists with all other minerals.
Meta-pillow basalt rim (PBR)
The PBR occurs in 1-5 cm thick pillow rims, and consists mainly of pumpellyite and Na-amphibole, with minor titanite, stilpnomelane, quartz and albite (Figs. 2D and 2E ), rare lawsonite, Ca-Na pyroxene, and relict augite (Fig. 2F) . Na-amphibole occurs as discrete prisms (< 0.2 mm in length) and shows slight color zonation from deep blue at the cores to pale blue at the rims. Pumpellyite occurs as irregular aggregates of tiny crystals or radial aggregates of acicular crystals. In the PBR, Ca-Na pyroxene replacing relict augite does not coexist with quartz.
Meta-basaltic breccia (BB)
The BB consists of heterogeneous, moderately foliated rocks. The mineral assemblage consists mainly of Na-amphibole, lawsonite, pumpellyite, chlorite, and albite, with minor quartz and titanite; a penetrative schistosity is defined by preferred orientation of Na-amphibole and lawsonite. Rare phengite, stilpnomelane, and K-feldspar occur as accessories. A few relict clastic augite grains have persisted. Na-amphibole occurs as fine-grained bundle aggregates, lawsonite as elongated prisms (<0.05 mm in length), and pumpellyite as aggregates of tiny crystals. BB is characterized by the assemblage Na-amp + Lws + Pmp + Chl, with albite, quartz, and titanite in excess.
Bulk-Rock Compositions
Concentrations of major (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) and trace elements (Ni, Cu, Zn, Pb, Y, and V) were analyzed with a Rigaku System 3270 X-ray fluorescence spectrometer at Kanazawa University. The operating conditions for both major and trace elements were 50 kV accelerating voltage and 20 mA beam current. Other trace elements (Sc, Cr, Co, Rb, Sr, Zr, Nb, Ba, La, Ce, Pb, Sm, Eu, Yb, Lu, Hf, and Th) were determined by instrumental neutron activation analysis (INAA). The INAA samples were activated at Kyoto University Reactor, and the gamma-ray spectroscopic analyses were done at the Radioisotope Laboratory of Kanazawa University.
Representative PBC, PBR, and BB bulk-rock analyses are listed in Table 1 . The three rock types have mafic compositions with SiO 2 = 47.0-52.7 wt%, Al 2 O 3 = 14.2-15.6 wt%, FeO* = 11.3-12.6 and TiO 2 = 1.6-1.8 wt%, and variable water content based on the LOI (loss-on-ignition): PBC (5.0 wt%), PBR (2.7 wt%), and BB (3.3 wt%). Water contents up to 5 wt% are comparable with calculated H 2 O content in blueschist-facies MORB (Hacker et al., 2003) . PBC is richer in MgO (6.5 wt%) than the PBR (4.0 wt.%) and BB (4.2 wt%). The PBR has higher CaO (12.7 wt%) than the PMC (8.8 wt%) and BB (5.2 wt%); this suggests Ca-metasomatism during hydrothermal alteration was more severe at the pillow rim. The BB contains higher Na 2 O (3.6 wt%) than the PMC (2.7 wt%) and PMR (2.8 wt%); the enrichment in Na suggests that the degree of seawater alteration might have been higher in the breccia. The pillow basalts are characterized by significantly higher Cr (109-131 ppm) and Ni (56-81 ppm), and lower Ba (78-124 ppm) than basaltic breccia (Table 1) . In a spider diagram (Sun and McDonough, 1989 ) N-MORB for normalization: Fig.  4A ), the PBC and BB show a trend similar to those of Sambagawa mafic schists (Okamoto et al., 1999) . Nearly flat chondrite-normalized REE patterns (Sun (Pearce, 1982 (Pearce, , 1983 ; new discrimination schemes by Vermeesch (2006a Vermeesch ( , 2006b ) and Snow (2006) also suggest a MORB origin.
Mineral Chemistry
Electron microprobe (EMP) analysis and X-ray element mapping were carried out with a JEOL JXA-8800R EMP at Kanazawa University and a JEOL JXA-8900R EMP at Okayama University of Science. Quantitative analyses were performed with 15 kV accelerating voltage, 12 nA beam current, and 3-5 µm beam size. Natural and synthetic silicates and oxides were used for standards. The ZAF method (oxide basis) was employed for matrix corrections. In this study, the presence of quartz was identified by X-ray mapping. Representative EMP analyses are listed in Table 2 ; Fe was assumed to be Fe 2+ unless otherwise noted. Figure 5 shows compositions of metamorphic clinopyroxenes from each rock type; the Fe 2+ /Fe 3+ ratio and end-member components were calculated following Harlow (1999) . Two metamorphic pyroxenes, aegirine-augite and diopsidic pyroxene, are common in the PBC. Aegirine-augite is jd 7-29 di + hd 21-54 ae 40-56 with X Mg = 0.63-0.95, and diopsidic pyroxene is jd 0-7 di + hd >94 ae 0-20 with X Mg = 0.77-0.88. No apparent difference in composition exists among different textural types of metamorphic pyroxenes. As shown in Figure 3 , a single pyroxene crystal is chemically heterogeneous and does not show regular chemical zoning. The X-ray image of Al distribution shows neither systematic compositional zoning nor sector zoning. A heterogeneity-in that the Al-rich, lighter colored part (jadeite-rich) parallel to c-axis is intergrown with Al-poor darker portion-is recognized in the elongate grain that was cut nearly parallel to the crystallographic c-axis (Fig. 3A) . In the crystals oblique to the c-axis, the compositional heterogeneity is irregular and more complex (Fig. 3B) . Most Ca-Na pyroxenes in PBR show a wide compositional range within the aegirine-augite field (jd 0-24 di + hd 26-80 ae 20-67 ; X Mg = 0.65-0.95) and overlap with those of PBC.
Metamorphic clinopyroxenes
Lawsonite
The compositions of lawsonite are plotted in Figure 6 ; all Fe was assumed to be Fe 3+ . Lawsonite in the PBC and PBR has 0.06-0.12 Fe 3+ , 1.82-1.91 Al, and 0.94-1.01 Ca p.f.u. of 8 oxygen; there was (Tsujimori et al., 2006a) .
Chlorite
Chlorite in the PBC and PBR has 5.6-6.0 Si, 4.3-4.7 Al, and 0.1 Mn p.f.u. of 28 oxygen. The X Mg values increase from PBR (0.43-0.46) to PBC (0.48-0.63) (Fig. 7) .
Na-amphibole
Compositions of sodic amphibole are plotted in Figure 8 ; the structural formulae of amphiboles were calculated based on O = 23, and the Fe 2+ /Fe 3+ ratio was estimated with total cation = 13 excluding Ca, Na, and K. Na-amphibole in the PBR is strongly zoned; the cores are This chemical zoning suggests Na-amphibole growth during prograde metamorphism (Liou and Maruyama, 1987) . Na-amphiboles in the BB are ferroglaucophane with X Mg = 0.33-0.45 and Fe 3+ / (Fe 3+ + [6] Al) = 0.05-0.37; the X Mg value overlaps with that of the PBR, but the minimum Fe 3+ /(Fe 3+ + [6] Al) ratio (0.05) is significantly lower than rim compositions of the PBR.
Pumpellyite
Pumpellyite in PBR and BB is Al-rich, with Al/ (Al+Fe+Mg) = 0.65-0.86 (Fig. 9) . Such Al-rich pumpellyite is common among blueschist-facies rocks (e.g., Maruyama and Liou, 1988) . Pumpellyite in PBR is less magnesian (X Mg = 0.15-0.16) than in the BB (X Mg = 0.51-0.55).
Other minerals
Phengite is Si-rich, containing 3.55-3.65 p.f.u. for O = 11. Relict igneous augite contains 0.4-0.9 wt% TiO 2 , 2.4-3.6 wt% Al 2 O 3 , and 0.3-0.6 wt% Cr 2 O 3 ; the X Mg ranges from 0.78 to 0.91. 
P-T Conditions of Metamorphism
Metamorphic conditions of the investigated samples were estimated based on available phase equilibria. The presence of pumpellyite and absence of epidote in the PBR and BB suggest that the maximum T of metamorphism is limited by the experimentally determined reaction: Mg-Al Pmp = Czo + Grs + Chl + Qtz + H 2 O (Schiffman and Liou, 1980) . Furthermore, the generic petrogenetic grids in the system Na 2 O-CaO-MgO-Al 2 O 3 -SiO 2 -H 2 O imply that the Na-amp + Lws and Na-amp + Pmp assemblages in the PBR and BB are stable at higher P and lower T than the pumpellyite-actinolite facies; they can be described as lawsonite-blueschist facies (e.g., Evans, 1990; Frey et al., 1991; Banno, 1998; Katzir et al., 2000) . The reaction: 17 Gln + 24 Lws = 6 Pmp + 9 Chl + 19 Qtz + 34 Ab + 8 H 2 O (Katzir et al., 2000) constrains the approximate P = 0.7 GPa at T = ~300°C for the Na-amp-bearing mineral assemblages of PBR and BB. The presence of Si-rich phengite (up to 3.65 p.f.u.) also suggests high-P and low-T conditions (Velde, 1967; Massonne and Schreyer, 1987) . In the PBC, the Ca-Na px (maximum Jd = 29%) + Qtz assemblage yields a P > 0.65 GPa at T = 280 °C (Holland, 1983) . In very low-T blueschist-facies metamorphism, the Ca-Na px + Lws + Chl assemblage has been described in metabasalts from several localities (e.g., Okay, 1982; Hirajima, 1984; Sakakibara, 1991) . Hirajima (1983) calculated a Schreinemakers' grid showing the stability field of diopside (Di) + Lws + Chl at blueschist-facies conditions. The Ca-Na px + Lws + Chl assemblage in our PBC may have formed at the P-T conditions of his Di + Chl + Lws field. Sakakibara (1991) described the Ca-Na px + Lws + Pmp + Chl assemblage from Tokoro metabasalts of Hokkaido, Japan, and estimated T = 200-230°C at 0.6 GPa. Because many petrologic similarities exist between the investigated PBC and the "Lw-Napx zone" metabasalts of Sakakibara (1990) , the investigated samples may record blueschist-facies conditions similar to those of Tokoro metabasalts.
Discussion
Na-Ca pyroxene-lawsonite-chlorite assemblage in low-grade metamorphism
In the investigated samples, the PBC differs from the PBR and BB in its lack of Na-amphibole. Although these rocks differ in mineral assemblages, they may have recrystallized at the same P-T conditions; the appearance of different assemblages may be mainly controlled by bulk-rock compositions, as illustrated below.
The mineral parageneses of the investigated meta-mafic rocks can be discussed in terms of a four-component system Ca (CaO-TiO 2 )-2Al (Al 2 O 3 - (Fig. 10) . We assume that: (1) K 2 O and TiO 2 are present only in phengite [K 2 Al 1.74 R 0.65 Si 3.57 O 10 (OH) 2 ] and titanite, respectively; (2) quartz and albite are excess phases; (3) the fluid phase consists of pure H 2 O and is treated as an excess phase; and (4) FeO and MgO are exchangeable. In this system, parageneses of minerals are graphically represented as invariant points, univariant lines, divariant planes, and trivariant tetrahedrons within a tetrahedron with Ca-2Al-2Fe 3+ -R at its apices (Fig. 10A) . Assuming albite as an excess phase in the PBC, the Ca-Na px + Lws + Chl assemblage plane can coexist within a Na-amp + Lws + Pmp + Chl tetrahedron. In other words, lack of Na-amphibole in the PBC is not due to retrogression. Moreover, the Ca-Na px + Lws + FIG. 9 . Compositional variations of pumpellyite in PBR and BB from the Sekinomiya serpentinite body. Compositional fields of pumpellyite from the Ward Creek blueschist (Maruyama and Liou, 1988) and East Taiwan ophiolite (Liou, 1979) are also shown.
Chl (+ Mag or + Hem) assemblage requires a bulkrock composition richer in Fe 3+ than that of the Na-amp + Lws + Pmp + Chl assemblage. This suggests that a relatively high oxidation state is necessary to form the Ca-Na px + Lws + Chl assemblage. Moreover, the presence of Ca-Na pyroxene in quartz-lawsonite veins suggests fluid infiltration promoted the crystallization of Ca-Na px + Lws + Chl mineral assemblage.
de Roever (1972) proposed the lawsonite-albite sub-facies in a P-T field just below the blueschist facies, in which Lws + Chl +Ab is stable instead of Na-amp, also described as "lawsonite-chlorite facies" (e.g., Turner, 1981; Peacock, 1993) . The high-pressure limit of the lawsonite-chlorite facies is defined by the reaction: 5 Gln + 2 Lws = Tr + 10 Ab + 2 Chl. This reaction does not involve H 2 O, and its P-T equilibrium curve is thus independent of fluid pressure.
According to this reaction, however, the appearance of Na-amphibole requires an initial mineral assemblage containing Ca-amphibole. Although the Ca-Na px + Lws + Chl assemblage in PBC might have been in equilibrium with lawsonite-blueschist-facies P-T conditions, the lack of Na-amphibole might be due to that the absence of Caamphibole from the initial mineral assemblage. This is consistent with the fact that actinolitic amphibole is not common in hydrothermally altered pillow basalts in the modern ocean floor (e.g., Alt and Teagle, 2000) .
Significance of the Ca-Na px + Lws + Chl assemblage as a possible precursor of the lawsonite eclogitic mineral assemblage
The transformation from blueschist to eclogite is one of the most characteristic reactions in the subduction-zone process (e.g., Peacock, 1993; Maruyama et al., 1996; Ernst, 2005) . Minor prograde blueschist-facies minerals are preserved in glaucophane-epidote eclogites (e.g., Clarke et al., 1997; Gao et al., 1999; Tsujimori, 2002) as inclusions of porphyroblastic garnets. Considering those natural occurrences, it is likely that epidote-blueschist or lawsonite-blueschist transforms to glaucophane-epidote eclogite by various dehydration reactions. In other words, blueschist is a major precursor of glaucophane-epidote eclogite. However, the precursor assemblage for lawsonite eclogite is not well known because lawsonite eclogite is not common.
Basaltic lawsonite eclogites contain a characteristic Grt + Omp + Lws assemblage (cf., Tsujimori et al., 2006b) . In Guatemalan lawsonite eclogites, prograde glaucophane is less common within porphyroblastic garnet; instead chlorite and pumpellyite occur as prograde inclusions (Tsujimori et al., 2006a) . Moreover, lawsonite xenoliths in kimberlitic pipes at Garnet Ridge in the Colorado Plateau also lack Na-amphibole in prograde-zoned garnet (Usui et al., 2006) . If we consider that chlorite decomposes to produce garnet with increasing pressure and temperature, the Ca-Na px + Lws + Chl assemblage in low-T blueschist-facies metabasalts appears to be the most suitable candidate for the precursor mineral assemblage of lawsonite eclogite. A simple phase relationship among lawsonite, chlorite, diopside, pyrope, and grossular in the CaOAl 2 O 3 -MgO-SiO 2 -H 2 O system is shown in Figure 11 . In this Schreinemakers' grid, the Prp (= Grt) + Di (= Omp) + Lws stability field represents lawsonite eclogite. During subduction, incipiently metamorphosed ocean-floor basalts containing the Di (= CaNa px) + Lws + Chl assemblage might continuously transform to the Grt + Omp + Lws mineral assemblage with increasing P and T (Fig. 11) . Okay (1982) described grossular-rich garnet in a Ca-Na pyroxene-and lawsonite-bearing metabasalt of the Tavºanli region of northwestern Turkey. The invariant reaction 5 Di + 4 Lws = 3 Grs + Chl + 6 Qtz suggests that the grossular-rich garnet can coexist with the Ca-Na px + Lws assemblage at lower values of P and T. Recently, Tsujimori et al. (2006a) suggested lawsonite eclogitization was initiated at T = 300°C and the chlorite-consuming reaction to form Fe-Mg-Mn garnet is more effective than the lawsonite-consuming reaction to form grossular component. During incipient eclogitization, Ca-Na pyroxene might change compositions to omphacite or jadeite by consuming albite. Furthermore, chlorite might be continuously consumed to form garnet, similar to the case of the garnet-forming reaction in the pelitic system proposed by Inui and Toriumi (2004) . As mentioned above, the Ca-Na px + Lws + Chl assemblage is stable at a relatively high oxidation FIG. 11 . Schreinemakers' grids in P-T space. The invariant points and univariant reactions are calculated by the BEYES version 1.1 program with an internally consistent thermodynamic dataset (Chatterjee et al., 1998) . The grey area represents the Di (= Ca-Na px) + Lws + Chl assemblage in low-T blueschist-facies metabasalts. The hatched area represents lawsonite eclogite mineral assemblage of Prp (= Grt) + Di (= Omp) + Lws. Arrow represents a possible prograde P-T path of lawsonite eclogite.
state. In general, the degree of oxidation of oceanic crust increases through reaction with seawaterderived hydrothermal fluids near the spreading center and oxygenated deep-sea water (e.g., Alt, 1995) . Bach and Edwards (2003) and Edwards et al. (2004) suggested that the average oxidation state of upper basaltic ocean crust increases with time through microbial Fe-oxidation; in other words, older oceanic crust is more intensely altered and oxidized. If so, the Ca-Na px + Lws + Chl assemblage rather than Na-amphibole-bearing mineral assemblage may be favorable for such oxidized oceanic crust. The subduction of old oceanic crust is crucial to the formation of a "cold" subduction-zone geotherm (e.g., Peacock, 1993; Peacock and Wang, 1999) . We propose that the subduction of old oceanic crust first produces the Ca-Na px + Lws + Chl assemblage by fluid infiltration in a cold subduction zone at shallow depths, and then the fully hydrated metabasalts with the Na-amphibole-free mineral assemblage continuously transform to lawsonite eclogite below 300°C at greater depths. In essence, the Ca-Na px + Lws + Chl assemblage is a low-T equivalent of the lawsonite eclogite mineral assemblage.
